Purpose. Diffuse tissue damage from impact or blast traumatic brain injury (TBI) degrades information processing throughout the brain, often resulting in impairments in sensorimotor function. We have developed an eye-movement assessment test, consisting of a simple, appropriately randomized, radial tracking task together with a broad set of oculometric measures that can be combined to yield a sensitive overall indicator of sensorimotor functional status. We show here that this multidimensional method can be used to detect and characterize sensorimotor deficits associated with TBI. Methods. To compare dynamic visuomotor processing of TBI subjects (n = 34) with a separate control population (n = 41), we used the Comprehensive Oculometric Behavioral Response Assessment (COBRA) method (Liston & Stone, J Vision. 14:12, 2014) to quantify 10 performance metrics for each subject. Each TBI subject's set of oculometrics was then combined to compute a single TBI impairment vector whose magnitude we refer to as the impairment index. Results. In our TBI population, several individual oculometrics were significantly degraded, including pursuit latency, initial pursuit acceleration, pursuit gain, catch-up saccade amplitude, proportion smooth tracking, and speed responsiveness. Furthermore, the TBI impairment index discriminated TBI subjects from controls with an 81% probability that increased with self-reported TBI severity; although the 9 subjects self-reporting ''little-to-no'' residual impairment were statistically indistinguishable from controls (58% probability), the remaining 25 subjects were easily detectable (91% probability). Given the demonstrated link between higher-order visual perception/cognition and eye movements, we interpret the observed TBI-related impairments as degradations in the speed, accuracy, and precision of information processing within cortical circuits supporting higher-order visual processing and sensorimotor control, not just low-level brainstem motor deficits. Conclusions. We conclude that multidimensional oculometric testing could be used as a sensitive screen for subtle neurological signs of subclinical neurological insults, to quantify functional impairment, to monitor deterioration or recovery, and to evaluate treatment efficacy. (Optom Vis Sci 2017;94:51Y59) 
ye movements are the most frequent, biomechanically simplest, voluntary, visually driven motor responses, providing a model system to assess the sequelae of brain insult and injury. For more than a century, neurologists, psychologists, and psychiatrists have recognized that oculomotor behavior can reflect functional consequences of neural pathology, 1 resulting in an extensive catalogue of qualitative oculomotor signs of drug toxicity, brain injury, 2 and neurological disease, 3, 4 and standard ranges for normal behavior on common tasks. 4, 5 Thus, oculomotor examinations are used in both clinical (e.g. localizing lesions, 3 diagnosing vestibular disorders, 4 detecting cranial nerve palsies 6 ) and field (e.g. detecting alcohol intoxication 7, 8 and fatigue 9, 10 ) settings. After traumatic brain injury (TBI), oculomotor signs such as disconjugate gaze, 11 impaired saccadic inhibition, 12 increased movement latency, 12Y16 amplified directional error, 14Y17 and impaired predictive tracking 17, 18 have been reported, all consistent with impaired visual processing, but the need for a readily available clinical tool to quantitatively and systematically assess motion processing persists. 19 To this end, leaders in the oculomotor field have proposed using oculomotor metrics as biomarkers of disease or trauma. 4,13,20Y22 We document here a constellation of TBI-related functional impairments in dynamic visual processing. 23 Consistent with previous results, we found deficits in several largely independent dimensions of oculomotor behavior in TBI subjects. Using a signal detection-based analysis, we computed a vector to characterize the nature of oculomotor impairment associated with TBI, and a scalar index to quantify the overall severity of an individual's functional impairment along that particular axis. We conclude that a comprehensive multidimensional oculomotor screening test could be used to detect and quantify characteristic signs of functional impairment associated with TBI, to monitor the time course of deterioration or recovery, and to evaluate treatment outcomes.
METHODS

Eye-Tracking and Behavioral Task
Our methods describing the Comprehensive Oculometric Behavioral Response Assessment (COBRA) have been described in detail previously. 23 After calibration, 24 subjects participated in a 15-minute eye-movement tracking task consisting of 180 trials, using a chin and forehead rest for head stabilization. On each trial, a radial version of Rashbass step-ramp 25 motion was then displayed whereby the target made a step in a random direction from a central fixation location, then moved back through the original location at a constant velocity (16Y24 deg/s). The speed, direction, onset timing, and duration of target motion were independently randomized to promote uniform distribution of attention across space, time, and direction and to defeat strategies using anticipatory or predictive eye movements.
TBI and Control Populations
Our 34 TBI subjects were recruited from local medical facilities and brain injury rehabilitation centers who met the following requirements: (1) security rules allowed them access to NASA Ames Research Center (US citizen); (2) aged between 18 and 70 years old; (3) self-reported non-penetrating impact trauma to the head, verified using the Ohio State University TBI Identification Method 26 ; (4) able to make their own medical decisions and sign informed consent forms; (5) able to sit still for 20 minutes, fixate for several seconds at a time, and track with the left eye while keeping their head still; (6) able to sit, stand, and walk without assistance; and (7) better than 20/200 visual acuity. Written informed consent was obtained before participation by our NASA Ames HRIRB-approved research protocol. Subjects completed a survey to document their age, gender, whether they needed glasses or contacts, when they were diagnosed, when they were injured, and a self-reported assessment of the severity of their current condition, with 1 being ''little to no residual injury'' and 10 being ''completely disabled''. The causes of injuries sustained by our TBI population varied in both type and severity, including unspecified injuries (5 subjects), motor vehicle accidents (18 subjects), falls (1 subject), bicycle or skateboarding accidents (8 subjects), and assault (2 subjects). Of our 25 TBI subjects who reported their TBI on the mild-moderate-severe scale, 2 reported mild TBI, 5 reported moderate TBI, 3 reported moderate-tosevere TBI, and 15 reported severe TBI. Our subject population reported loss of consciousness (LOC) ranging in duration from no LOC to 2 months in a coma. Using the durations provided by the Ohio State University TBI Identification Method, 2 subjects reported no LOC, 7 subjects reported LOC less than 30 23 Although the age distribution of control subjects was skewed toward younger ages and the distribution of ages of TBI subjects was more uniform, the difference in age between the two populations was only borderline significant (p = 0.052, Wilcoxon rank sum test). Although our control population was not screened for history of brain injury, any unknown injuries in the control population would only serve to underestimate the TBI detectability using COBRA.
TBI Vector and TBI Impairment Index
To characterize the TBI-related signs present in our task, we used a previously described baseline dataset 23 as a normative standard. First, we considered the set of 10 measurements from each subject in their native units (e.g. ms, deg, deg/s 2 ) as a raw COBRA vector. We then converted raw measurements into z-values relative to our control dataset by subtracting the median and scaling by the estimated standard deviation:
where
and ? j1 is the inverse of the normal cumulative distribution function. For the steady-state gain metric, we applied an arcsin correction to de-skew the raw data. Lastly, we flipped the sign for the latency, speed noise, saccadic amplitude, and direction noise 52 Sensorimotor Impairment Associated with TBIVListon et al.
metrics so that negative values indicate impairment. Normalized metrics (U) with higher values correspond to faster, quicker, smoother, higher-gain, and more accurate tracking; lower values correspond to slower, less accurate movements with larger and more frequent saccades. For our analyses, we used a 10-element COBRA vector of normalized metrics: However, we excluded direction-tuning anisotropy and asymmetry metrics when the level of direction noise exceeded 25-(4 of 34 TBI subjects) because the fits that yield these two metrics became numerically unstable and unreliable.
To characterize TBI-related oculomotor signs, we averaged COBRA vectors across our TBI population to yield a TBI vector (Eq. 3):
where n is the number of TBI subjects. Because the COBRA vectors are ''normalized'', each element of the TBI vector gives the distance (in z-values) between the average TBI subject and the average of the control population, defined as the origin. For example, if there were no effect for a given metric, the mean of the TBI population would fall near zero along that axis. While more complicated formulations (e.g. a vector based on signal-to-noise) may afford incrementally better statistical power, we opted for the most intuitive definition of the TBI vector.
To quantify the scalar magnitude of the functional impairment along the TBI vector, we took the dot product between an individual's COBRA vector and the TBI vector to yield a crosscorrelationYbased scalar metric 28 :
The scaling factor in the denominator ensures a standard normal distribution of TBI impairment indices for our control population and the subtraction of COBRA n in the numerator ensures that an individual's TBI impairment index is not based on circular logic (by excluding the individual's contribution to the TBI vector). a
RESULTS
Our oculometric approach yields a 10-dimensional summary of an individual's performance on our tracking task for both control and TBI subjects (Fig. 1) . The left-hand column shows distributions of measurements for smooth pursuit latency, initial pursuit acceleration, steady-state pursuit gain, catch-up saccadic amplitude, and the proportion of smooth tracking; for each, we report the median as a summary metric. The control and TBI subjects shown highlight typical TBI-related oculomotor tracking deficits: longer latency, lower initial acceleration, lower steadystate gain, larger catch-up saccades, and a lower proportion of smooth movement. The right-hand column shows the respective metrics for direction-tuning (anisotropy, asymmetry, and noise) and speed tuning (responsiveness and noise). Again, obvious impairments in this TBI subject include high direction noise, large distortion in the direction-tuning function, and low speed-tuning responsiveness. Although these two subjects are drawn from populations with substantial across-subject variance, our overall results (Table 1 ) demonstrate degraded tracking for the TBI population. 15, 16 To characterize the set of TBI-related deficits, we first normalized the data by the across-subject variance in our control population and then compared the distributions of values for TBI and control populations using an across-subject paradigm. Fig. 2 plots the distributions of all 10 COBRA metrics and static visual acuity. Considered separately, we observed significant decrements in the TBI population for 6 of the 10 metrics (p G 0.0001 for initial acceleration, steady-state gain, steady-state proportion smooth, and speed responsiveness; p G 0.001 for initial latency; and p G 0.05 for steady-state saccade amplitude, Bonferronicorrected Wilcoxon rank sum test). We also observed a significantly lower (p G 0.0001, Wilcoxon rank sum test) static visual acuity for the TBI subjects (median: j0.08 logMAR, 20/16 Snellen; range: j0.28 to 0.44, 20/11 to 20/55) with respect to the control population (median: j0.20 logMAR, 20/13 Snellen; range: j0.29 to 0.44, 20/10 to 20/55), similar to previous reports. 29 Overall, visual acuity was not significantly correlated with self-reported TBI severity (p = 0.127, r = j0.20, Pearson's R) so acuity problems are not a significant factor in their selfreported impairment.
To evaluate the ability of our data to identify the TBI status of the subject without the benefit of individual baselines, we applied two techniques from signal-detection theory 28 in an across-subject paradigm. First, we defined the TBI vector (Fig. 3) to be the across-observer average of COBRA vectors (Eq. 2) for our TBI population, indicated by the red vertical lines in Fig. 2 . Second, we computed the TBI impairment index (Eq. 4) for each TBI and control subject (Fig. 4) . This index computes the scalar projection of a COBRA vector onto the TBI vector, quantifying how closely an individual's behavior matches typical TBI-related signs. Overall, the correlation between visual acuity and the TBI impairment index was not quite significant (p = 0.053, r = 0.28, Pearson's R) indicating that 92% of the variance in the TBI impairment index could not be attributed to static visual acuity problems.
To compute the overall detectability of TBI subjects using our two populations, we computed the ROC area 28 for the two a Scalling Factor = ||CHOL (COV (CONTROL))ITBI_|| CONTROL is the matrix containing all 41 COBRA vectors in the control population, COV is the covariance matrix, and CHOL is the Cholesky decomposition. Subtracting COBRA n is necessary for small sample sizes but can be omitted for samples with n Q 20. (Fig. 4A) , which was 0.81. As control analyses, we computed analogous ROC areas for the subset of our TBI population (n = 23) with visual acuity better than the 95th percentile of our control population (their detectability was still 0.80) and for the subset of our TBI population (n = 29) that fell within the age range (20Y56 years) of our control population (their detectability was still 0.83). This shows that the detection by COBRA that a given TBI subject is not within the normal population is not an indirect consequence of the negligible mismatches in acuity or age between our overall TBI and control populations.
Sensorimotor Impairment
We also subdivided our entire TBI population according to self-reported severity and computed ROC area for each severity level separately (Fig. 4B) . For observers reporting ''little to no residual injury'' (severity level of 1), their TBI detectability (0.59) was not significantly different than chance (p 9 0.05, bootstrap test) although we cannot rule out that the value was actually slightly higher than 0.5. For observers reporting more severe symptoms (severity level Q 2), we observed TBI detectability ranging from 0.85 to 0.95 (average: 0.91). Furthermore, across our entire TBI population, we observed a significant correlation between self-reported severity and TBI impairment index (p G 0.05, r = 0.34, Pearson's R).
DISCUSSION
Our noninvasive, 15-minute Comprehensive Oculometric Behavioral Response Assessment (COBRA) task generates 10 performance metrics that quantify an individual's dynamic visuomotor processing capability. 23 We have now shown that COBRA provides a sensitive screening tool for detecting and characterizing impairments associated with TBI, even years after recovery. First, we used COBRA to quantify the characteristic constellation of TBI-related deficits in a population of 34 TBI subjects, expressed as a vector (i.e. the TBI vector). Presumably, non-TBI brain pathologies will show different characteristic vectors, but we have yet to systematically test this hypothesis. Second, we used the TBI vector to quantify each subject's functional neurological impairment. Third, we used these TBI impairment indices to evaluate how well COBRA can detect TBI-related signs. For our entire TBI population, COBRA could discriminate TBI subjects from controls with 81% probability. For the nine TBI subjects who reported ''little-to-no'' residual injury, TBI impairment indices were not statistically distinguishable from those of control subjects (only 58% probability of detection); for the 25 TBI subjects who reported substantial residual effects, COBRA discriminated them with 91% probability.
In general, using oculomotor measures to screen for neural pathology may hold potential shortcomings, due to the fact that not all brain structures mediate visuomotor behavior. Whereas a punctate hippocampal tumor is unlikely to cause any discernable impairment on familiar oculomotor tasks, the diffuse nature of TBI suggests that visuomotor tasks, which require a wide swath of cortical and cerebellar circuitry to estimate, predict, and track precise motion trajectories, are well suited to detect such injuries. Even mild, yet diffuse, insults to neural circuitry may degrade the quality of the final output behavior. However, the oculomotor For each population, the table gives the 25th, 50th, and 75th percentile values for the 10 oculometrics measured by our task, and the estimated standard deviation (see Eq. 1). For subjects with high levels of directional noise observed in the TBI population (25-or greater, 4 participants), the fitted anisotropy and asymmetry of the direction-tuning function (see Fig. 1 ) became unstable and have been omitted from the reported distributions (bold typeface cells).
FIGURE 1.
Summary of oculometric measurements for a typical control (A) and TBI subject (B). A COBRA summary sheet is shown for each. Histograms in the left-hand columns of both (A) and (B) plot across-trial measurements of standard measures of pursuit performance; direction-tuning and speed-tuning measurements of visual motion processing are shown in the right-hand columns. Pursuit initiation (INIT) measurements yield a skewed distribution of latencies and a quasinormal distribution of accelerations. Steady-state (SS) tracking measurements (400 to 700 ms after motion onset) include pursuit gain (ratio of eye speed to target speed), the average amplitude of catch-up saccades, and the proportion of total eye displacement that was smooth. The direction-tuning (DIR) plot shows pursuit direction as a function of target direction for each trial; the inset illustrates the ''cloverleaf'' direction-gain anisotropy and asymmetry (blue line) referenced to the circle of unity gain (thin black line). The speed-tuning (SPD) plot shows pursuit speed as a function of target speed (solid black circles), the across-trial median (solid black square), and the speed-tuning slope (solid red line). Qualitative comparison of panels (A) and (B) captures some of the functional consequences of TBI-related tissue damage seen in the raw data.
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deficits observed among TBI subjects may also reflect factors that co-occur with TBI (e.g. stroke, medications, depression).
That said, differing visual, cognitive, and motor demands (e.g. executive function, response inhibition, attention, perception, expectation, prediction, memory) of various oculomotor paradigms (e.g. predictive tracking, gap/overlap saccades, antisaccades, memory-guided saccades, gaze conjugacy) likely engage specific brain networks to differing degrees. In particular, different degrees Oculometrics in control and TBI populations. Each panel plots the Gaussian fits to the distributions for control (solid green line) and TBI (solid red line) populations; the black unfilled histogram plots the values for the 34-subject TBI population. Vertical lines correspond to z-values. Inset into each set of axes are the mean and standard deviation for each of the TBI population's metrics, and the ROC area between the two distributions, which quantifies the ability of an ideal observer to discriminate one sample at random from one of the two distributions. The TBI vector is defined by the set of 10 mean (K) values.
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of injury affecting different networks may be necessary for specific oculomotor signs to be observed (e.g. saccadic hypometria, poor saccadic inhibition, gaze disconjugacy, altered saccade dynamics) in any particular task. For example, head injury cases presenting with ocular motor nerve palsy are more severe than those without, 4, 30 suggesting that certain oculomotor signs (e.g. gaze disconjugacy) may occur after a threshold level of damage to a localized set of brainstem structures (i.e. IIIrd, IVth, or VIth cranial nerves and their associated nuclei) resulting in greater difficulty in detecting milder cases. To assay neural processing across a diverse set of brain areas, our COBRA vector uses a wider array of behaviors to capture the entire neural hierarchy of visuomotor processing: initial pursuit latency and acceleration driven by retinal slip, 31 later direction tuning determined by extrastriate cortical processing associated with perception, 32, 33 catchup saccades driven by anticipated retinal position error, 34 and steadystate motion processing driven by perceived object motion. 35 In our data (Fig. 2) , the magnitude of the deficits observed in our 10 COBRA metrics differed. Although all 10 metrics tested had negative mean values, four did not significantly differ from control metrics and two were only mildly impacted, whereas the remaining four were severely impacted. Because they all had similar variance, these four metrics had more statistical power to detect TBI than the remaining six. The value of having large set of largely independent COBRA measures is to increase the likelihood of detecting different types of pathologies. To go one step further, as the relationship between structural damage and functional impairment becomes better understood by pairing behavioral tests like COBRA with structural scans, anatomical explanations for the relatively high detection power of certain oculometrics for certain pathologies (e.g. speed responsiveness for TBI) may develop and also the reason that others (e.g. gaze disconjugacy) are only observed in more severe cases. 4 Of course, more statistically powerful, as-yet undescribed, behavioral metrics TBI vector. This scatterplot shows a 3-dimensional subspace of our 10-dimensional dataset for control (black filled circles) and TBI subjects (red filled circles). We defined the ''TBI vector'' (solid red vector) to point from the origin to the average across the TBI population. Two TBI data points falls right at the tip of the TBI vector and are difficult to segment from the arrowhead; one can be seen to occlude a nearby control data point, and the other can be seen as a red fringe occluded by the same control data point. As the TBI vector gives the typical pattern of oculomotor signs observed with TBI subjects, the projection of any given subject's vector along the TBI vector, the subject's TBI impairment index, is an overall scalar measure of the severity of their impairment, scaled to the unit variance of the control population. An animation of this figure is included as supplementary online material (available at http://links.lww.com/OPX/A245); the first revolution shows the 41 control and 34 TBI data points then the TBI vector is added.
Sensorimotor Impairment Associated with TBIVListon et al. 57 may be discovered. The value of our impairment index is that a single scalar distills the 10 metrics along the single direction most consistent with TBI and can easily be refined and extended as additional valuable and independent dimensions are discovered.
Last, we must emphasize that COBRA metrics are not only able to detect TBI-related impairment (Fig. 4A) , they also reflect TBI severity as documented by self-report. As a population, we observed normally distributed TBI impairment indices that overlap the control population (Fig. 4A) , largely due to those TBI subjects with ''little-to-no'' residual injury (Fig. 4B) , and leaving those TBI subjects with meaningful residual injuries (severity level 9 2) discriminable at 91%. However, future studies of acute TBI patients with more clinically rigorous measures of the severity of their neurological impairment (e.g. the x-axis of a future Fig. 4B) will be needed to demonstrate the value of COBRA in clinical triage settings.
The first clinical eye-tracking study 1 used eye movements to assay neural function. However, based on work showing tight linkages between visual perception/cognition and oculomotor responses, 35Y37 we expand the familiar association in neurology between oculomotor behavior and the function of certain cranial nerves and their associated brainstem nuclei 3 to include the 10 COBRA metrics as neurological indicators of dynamic visuomotor processing at several functional stages: from retinal transduction, to cortical circuitry supporting motion perception and spatial attention, to the cortico-brainstem-cerebellar pathways supporting sensorimotor action. We conclude that characteristic datasets aggregated from standardized oculomotor test batteries (such as COBRA) may allow clinicians to detect, quantify, and characterize impairments from transient brain insults (e.g. due to trauma, drug toxicity, or alcohol) and permanent injuries 6, 14, 18 ; to detect the onset of degenerative, 22 developmental, 38 and psychiatric 39, 40 disorders and track their progression; and to evaluate the effectiveness of candidate therapeutic interventions, even in the absence of an individual baseline.
